ABSTRACT The relief valve overflowing energy loss is considered impossible to solve. This paper proposes a new type of proportional relief valve (PRV) with a hydraulic energy regeneration unit (HERU) connected to its outlet. The mathematical model of the proposed PRV is set up, and its stability is analyzed. A control strategy is put forward for designing the working modes which are based on the pressure of the hydraulic accumulator. The simulation model and the test rig, where a hydraulic accumulator is used as a HERU, are established to verify the effectiveness of the control strategy and energy savings of the proposed PRV. The results show that the system can switch among energy regeneration, energy release, and traditional modes according to the hydraulic accumulator pressure, indicating that the proposed control strategy works well. During the energy regeneration mode, the hydraulic accumulator is charged and the PRV inlet pressure decreases only slightly, indicating the HERU has little influence on the PRV working performance. During the energy release mode, the hydraulic accumulator is discharged and the PRV inlet pressure increases to its preset value. Both during the regeneration and release modes, the driving electric motor consumed less energy. Higher hydraulic accumulator pre-charging pressure can achieve higher energy regeneration efficiency, whereas lower hydraulic accumulator pre-charging pressure can regenerate more overflowing energy.
I. INTRODUCTION
Hydraulic systems that can output larger power are widely used in industrial engineering. However, the main disadvantage of hydraulic systems is low efficiency mainly caused by throttling and overflowing losses. Therefore, energy saving technology for hydraulic systems has become a research topic of interest to reduce the energy consumption and emissions [1] - [3] . Technologies have been proposed such as positive/negative flow control systems [4] , load sensing control [5] , separate control of actuator ports, hydraulic capacity speed governing systems, secondary regulation techniques [6] , and high speed on-off valves [7] . The above technologies can only reduce the throttling loss to a certain extent, whereas reducing the overflowing loss is considered impossible. In addition, there is energy regeneration research that saves and reutilizes the energy produced by the potential of the boom or the braking of the swing [8] . Many studies have examined the improvement of control performance [9] - [12] , but there is little research on energy regeneration for energy loss in hydraulic systems.
Commonly, the relief valve overflowing energy loss, characterized by the difference of the inlet and outlet pressure, is widely used. To reduce the relief valve energy loss, a hydraulic energy regeneration unit (HERU) is connected to the outlet of the pilot relief valve (PRV) that can increase the back pressure and reduce the pressure difference between the inlet and outlet, as shown in FIGURE 1. The overflowing energy loss, which flows directly to the tank in traditional working conditions, is converted into hydraulic energy stored in the hydraulic accumulator that can be released when required. Due to the hydraulic accumulator charging during this process, the PRV outlet pressure is much higher, leading to a decreasing pressure difference between the inlet and outlet. Therefore, the pressure loss through the PRV can be reduced. In FIGURE 1, the outlet of the pilot valve of the proposed PRV is connected to the tank alone, whereas that of the traditional PRV is connected to the outlet of the main valve. This is the main difference between them.
However, when applying an energy regeneration unit (ERU) in a PRV, the questions of how to control the ERU with a good working performance and how much energy can be regenerated are still unsolved. This paper aims at solving these questions. The remainder of this paper is organized as follows. The mathematical model is developed in Section 2. Section 3 provides a control method in detail. Then, the simulation and experimental studies are described in Sections 4 and 5. Concluding remarks are presented in Section 6.
II. MATHEMATICAL MODEL
FIGURE 2 shows the structural schematic of the PRV with an ERU. Compared to the traditional PRV, the PRV outlet is connected to an ERU, and its outlet pressure p 2 is not zero. To maintain the normal PRV working performance, the outlet pressure must be less than the main valve opening pressure. Because the outlet pressure p 2 only acts on the main valve, the force balance and the flow equations of the pilot valve are same as those of the traditional PRV. The main valve equations are different. The following are the equations of the proposed PRV.
(1) Force balance equations for the main and pilot valves
where the subscripts x, and y denote the main valve and the pilot valve, respectively. m is the mass of the valve. 
where Q 1 , Q 2 , Q R and Q y are the flow rates of the main valve inlet and outlet, the flow through the fixed damping R and the inlet of the pilot valve. Q x is the flow rate change of the main valve core outlet. V 1 and V 2 are the volume before the main valve and after the main valve outlet, respectively. V x is the volume of the spring chamber. E is the elasticity modulus of the oil, and d x is the diameter of the fixed damping R. A Laplace transform is used with equations (1)-(6) and rewritten as,
where the symbols used in equations (10)∼(11) are defined as,
To study the influence of the outlet pressure p 2 on the stability of the PRV, which is featured by inlet pressure p 1 , the electromagnetic force F EM (s) is set as the input, the inlet pressure P 1 (s) is set as the output and the output pressure P 2 (s) is set as the disturbance. During this research, the flow into the PRV can be considered constant. Therefore, the disturbance item Q 1 (s) can be neglected. The block diagram of the proposed PRV is shown in FIGURE 3. As seen from FIGURE 3, simplifying the control block chart to the transfer function is very complicated when the outlet pressure P 2 (s) is used as a disturbance, whereas the signal flow chart is ideal for handling this. Therefore, the control block diagram shown in FIGURE 3 is transferred to the signal flow chart shown in FIGURE 4, and the traditional PRV is shown in FIGURE 5 for comparison. The symbols used in FIGURE 4 and FIGURE 5 are defined by equation (12) . (12) where
From comparing FIGURE 4 and FIGURE 5, it can be seen that the forward paths and the feedback paths are unchanged in both signal flow charts except for a disturbance P 2 (s) to the proposed PRV. This disturbance makes the performance different and needs a stability analysis. The transfer function from input F EM (s) and disturbance P 2 (s) to output P 1 (s) shown in FIGURE 4 can be achieved by the Mason formula. The Mason formula can be expressed as,
where M is the total transfer function of the system. P k is the transfer function of the k th forward path. is the characteristic of the flow graph.
(1) The transfer function of the traditional PRV shown in FIGURE 5 can be expressed as,
where M 1 (s) is the total transfer function of the traditional PRV system. (2) As seen from FIGURE 4, the disturbance P 2 (s) is input to the system from two different nodes x and y. Therefore, each transfer function of disturbance P 2 (s) to the output P 1 (s) can be calculated. Then, the total transfer function of the proposed PRV system can be achieved from summing the two transfer functions with M 1 (s).
The transfer function M 2 (s) with the disturbance P 2 (s) input to the system from node x is given as,
The transfer function M 3 (s) with the disturbance P 2 (s) input to the system from node y is given as,
Then, the total transfer function M 4 (s) of the disturbance P 2 (s) to the output P 1 (s) is calculated as follows,
The total transfer function M 5 (s) of the proposed PRV with input and disturbance can be obtained from equation (22),
To simplify the calculation, the actual values of the proposed PRV are taken into equations (14)- (22) to obtain the closed loop transfer function. Table 1 shows values of the proposed PRV. The total transfer function M 5 (s) of the proposed PRV and M 1 (s) of the traditional PRV after being calculated with the actual values are shown in equations (23) and (24), as shown at the bottom of this page. The characteristic Routh Criterion array values for equations (23) and (24) are listed in Table 2 . It can be seen from Table 2 that the coefficients of the characteristic equation are not equal to zero. Additionally, all the coefficients are positive. This indicates that the proposed PRV system is stable when the ERU is connected to the PRV outlet. This is the basis for the following study of overflowing energy regeneration and release. 
III. CONTROL SYSTEM
A hydraulic accumulator is used to generate back pressure to the outlet of the proposed PRV. Through detecting the pressure of the hydraulic accumulator, a control strategy based on comparing the inlet and maximum working pressures of the hydraulic accumulator is proposed to realize the mode switch among the overflowing energy regeneration, energy release and traditional overflow modes.
According to the hydraulic schematic diagram of the overflowing energy regeneration and release system shown in FIGURE 6, a rated 25 L hydraulic accumulator is used to recover the overflowing energy of a PRV. The control flow chart is shown in FIGURE 7.
A. ENERGY REGENERATION MODE
When the preset pressure of electromagnetic relief valve 7 is higher than that of PRV 9, it works as a relief valve. PRV 9 begins to work and overflow when the system pressure is higher than its opening pressure. When the inlet pressure p a and the maximum pressure p a2 of the hydraulic accumulator satisfy p a < p a2 , the 3/4 directional valve 10 works in the left position and the oil overflowing through PRV 9 flows into the hydraulic accumulator to charge it. This is the overflowing energy regeneration mode and the hydraulic accumulator is charged. The pressure of the hydraulic accumulator is increasing.
B. TRADITIONAL OVERFLOW MODE
When the inlet pressure p a and the maximum pressure p a2 of the hydraulic accumulator satisfy p a ≥ p a2 , the 3/4 directional valve 10 works in the right position and the group 14 relief valve works to keep the hydraulic accumulator pressure. During this process, fluid overflowing through PRV 9 flows to tank 1 directly by the right position of the 3/4 directional valve 10. This is the traditional overflow mode, and the hydraulic accumulator keeps its pressure. 
C. ENERGY RELEASE MODE
When the inlet pressure p a and the maximum pressure p a2 of the hydraulic accumulator satisfy p a ≥ p a2 , it reaches the maximum working pressure. To achieve the maximum use of overflowing energy, pressured oil in the hydraulic accumulator is released to the pump inlet. During this process, the proportional throttle valve 13 port size is adjusted to make the oil in the hydraulic accumulator flow through the top position of 2/2 directional valve 12, proportional throttle valve 13, flow meter 8.3 and check valve 3 to the pump inlet in turn. Proportional throttle valve 13 is used to regulate the pressure flowing to the pump inlet, which is higher than the tank pressure. Therefore, check valve 2 is closed. Because the differential between the inlet and outlet pressure of the pump is reduced, the energy consumed by the pump is reduced accordingly. This is the energy release mode, and the hydraulic accumulator is discharged.
IV. SIMULATION RESEARCH
FIGURE 8 shows the simulation model based on the control strategy of the proposed energy regeneration and release system according to FIGURE 6. Valve 10 is to substitute for the 3/4 directional valve 10 in FIGURE 6. The valve 10 right position is energy regeneration mode. When valve 10 is in the left position, it is the traditional overflow model. In addition, when proportional throttle valve 13 is triggered, it is the energy release mode and the oil in hydraulic accumulator 15 flows into the inlet of pump 4. FIGURE 9 shows the inlet pressure curves of the hydraulic accumulator and the PRV during the overflowing energy regeneration process. The pump output flow rate is 50 L/min and the relief pressure set by valve 7 is 30 MPa. The precharging hydraulic accumulator pressure is 5 MPa and the relief pressure of PRV 9 is 21.5 MPa. Seen from FIGURE 9, the inlet pressure p a of the hydraulic accumulator increases and the inlet pressure p 1 of the PRV decreases during energy regeneration. However, the decrease of inlet pressure p 1 is so small that it cannot influence the normal PRV performance. When the hydraulic accumulator reaches its maximum working pressure, and energy regeneration mode ends at approximately 20 s, the hydraulic accumulator keeps its pressure and the PRV goes back to its set pressure of 21.5 MPa.
The outlet flow rate through the main valve can be expressed as,
where υ is the outlet flow velocity of the main valve. As shown in FIGURE 10, during the overflowing energy regeneration process, with increasing inlet pressure p a , the fluctuation of the flow rate decreases indicating the system becomes more stable. The displacement of the main valve core becomes larger leading to a larger flow section area and slower flow velocity through the main valve. However, the flow rate is almost unchanged. When the energy regeneration process ends, both the flow velocity and the main valve core displacement change abruptly and the flow rate also fluctuates. After a shorter adjustment, the system reaches a new stable condition.
The overflowing energy regeneration and release process shown in FIGURE 11 can be divided into four periods: A-The period when the hydraulic accumulator is charged (namely, energy regeneration), B-The period of the hydraulic accumulator keeping the pressure, C-The period of the hydraulic accumulator discharging (namely, energy release) and D-The period of traditional overflow mode. During period A in which the hydraulic accumulator is charged and the overflowing energy is recovered, the inlet pressure of the PRV decreases a little and the hydraulic accumulator pressure increases until it reaches its maximum working pressure. Then, it comes to period B. During period B, the hydraulic accumulator maintains its pressure and the PRV inlet pressure increases to its preset pressure. When the proportional throttle valve 13 is trigged and open, the recovered energy stored in hydraulic accumulator is released through check valve 3 to the pump inlet. This is period C. During this process, the PRV outlet is connected to a tank. Due to the pressure differential of throttle valve 13 and open pressure of check valve 3, the pressure p a of the hydraulic accumulator is larger than the inlet pressure of the pump, as seen clearly from FIGURE 11. When the hydraulic accumulator pressure decreases to its minimum working pressure, the hydraulic accumulator stops releasing and keeps the pressure. The proportional throttle valve 13 is closed. The pump intakes from the tank directly and the inlet pressure is close to that of the tank, which can be seen from period D. accumulator is charged, the pump intakes from the tank through check valve 2. Therefore, the flow rate to the pump is equal to that of check valve 2. The flow rate of the hydraulic accumulator is less than that of the pump because the PRV pilot does not flow into the hydraulic accumulator. During period B, there is no flow in and out of the hydraulic accumulator. During period C, the hydraulic accumulator discharges and the flow rate of the pump increases due to the higher inlet pressure leading to less inner leakage. During period C, the pump inlet is connected to the hydraulic accumulator. Therefore, check valve 2 is closed and there is no flow through it.
The power of the motor and pump can be defined as,
where N 1 , T and n are the output power, torque and speed of the motor, respectively. N 2 and p 0 are the power and inlet pressure of the hydraulic pump. In the simulation, the motor speed is set to 625 rpm and the pump is a fixed displacement pump. Therefore, the output flow rate Q 1 of the pump is constant. As seen from FIGURE 13, the speed stays constant during the whole process, while the torque of the motor decreases slightly in period A because the pump output power decreases from the decrease of the PRV inlet pressure. During period C, the motor torque decreases abruptly. The output power of the motor decreases according to equation (26). The power consumed by the pump also decreases due to the higher inlet pressure p 0 , as can be deduced from equation (27) . Therefore, the pump needs less power leading to lower motor output. During period C, the hydraulic accumulator pressure decreases and the pump inlet pressure decreases accordingly. Then, the motor power will increase to its normal value when the hydraulic accumulator finishes discharging. In a word, according to the above analysis, the motor outputs less power and consumes less energy in period C, indicating that the proposed system is saving energy.
V. EXPERIMENTAL RESEARCH
The test rig shown in FIGURE 14 is built according to the principle diagram shown in FIGURE 14 to verify the effectiveness of the control strategy for the proposed PRV with HERU. 
A. CONTROL PERFORMANCE
The hydraulic accumulator is precharged to 6.7 MPa. In FIGURE 15, the pump is unloaded during time 0-5 s. Period A, which is the traditional overflowing mode, is during time 5-7.4 s. Period B is from 7.4 s to 54 s when energy is regenerated and the hydraulic accumulator is charged. Period C is from 54 s to 80 s, and the hydraulic accumulator maintains its pressure. In FIGURE 15, the pressure in the spring chamber is the PRV pilot pressure and the pressure difference between the inlet and pilot is due to the fixed damping. During period A, the pressures are almost constant. During period B, which charges the hydraulic accumulator and regenerates the overflowing energy, the inlet pressure decreases slightly with the increase of the hydraulic accumulator pressure matching the simulation results shown in FIGURE 9 and FIGURE 11 well. When the hydraulic accumulator is less than 20 MPa, the PRV inlet pressure decreases slightly. After 20 MPa, the PRV inlet pressure quickly decreases a little. When the hydraulic accumulator reaches its maximum working pressure at 54 s, directional valve 10 works in the left position and makes the PRV outlet connect to the tank, causing the PRV inlet pressure to decrease suddenly and the main valve core to move to its maximum displacement. Therefore, the volume before the main valve core becomes larger and the PRV inlet and pilot pressures decrease, as seen from the enlarged partial drawing in FIGURE 15. After a short adjustment, the PRV inlet pressure increases to its preset value, which also matches the simulation result shown in FIGURE 9 well. During period C, the hydraulic accumulator pressure decreases slightly because of the sealing ability of the relief valve group and the long connection pipes between the PRV and hydraulic accumulator.
The PRV outlet flow rate is mostly under a certain range during the whole process, as seen from FIGURE 16. The larger fluctuation occurs at the moment when directional valve 10 switches and the working mode changes from period B to C. This is because the main valve core displacement reaches its maximum value at this moment, as discussed above, leading to a larger flow rate. Then, when the inlet pressure goes back to its preset value, the main valve core also goes back to its normal position, and the flow rate reaches a stable state. The PRV system achieves a new stable condition. 
B. ENERGY REGENERATION EFFICIENCY
A series of pre-charging pressures are set up to discuss the energy saving efficiency under different pre-charging pressures. The maximum pressure of the hydraulic accumulator is set to 20 MPa and the rated volume is 25 L. FIGURE 17 shows inlet pressure curves when the hydraulic accumulator is charged. It can be seen that although the pre-charging pressure is different, all of the curves can reach the maximum working pressure. The higher the pre-charging pressure is, the shorter the charging time is. With more oil flowing into the hydraulic accumulator, the inlet pressure increases and the slopes of the curves become steeper.
The area between the PRV inlet pressure and the hydraulic accumulator pressure is the hydraulic accumulator unrecovered energy shown in FIGURE 15. Seen from FIGURE 17, the higher the pre-charging pressure is, the less energy can be recovered. The overflowing energy loss across the outlet of the PRV is given by,
where E r is the overflowing energy loss across the outlet of the PRV. The energy recovered by the hydraulic accumulator can be calculated as,
where E a is the energy recovered by the hydraulic accumulator. Due to the short energy regeneration process, it can be considered an adiabatic process with no outside heat exchange. Then, the gas index n can be set at 1.4. The energy regeneration efficiency of the hydraulic accumulator is given by,
The energy regeneration efficiency of overflowing energy through the PRV when the pre-charging pressure of the hydraulic accumulator is 5.6, 7, 10 and 11 MPa can be calculated by equations (28)∼(30) and is listed in Table 3. Seen  from Table 3 , when the pre-charging pressure is 5.6 MPa the overflowing energy is highest and the hydraulic accumulator can recover the most energy. However, the energy regeneration efficiency is the lowest at only 61.2%. With the increase of pre-charging pressure, the energy that the PRV can produce and the hydraulic accumulator can recover are reduced but the energy regeneration efficiency increases. The higher the precharging pressure is, the higher the efficiency is. This can be explained by FIGURE 17. During the test, the hydraulic accumulator volume is fixed and the higher the pre-charging pressure is, the shorter the pre-charging time is and the less the recovered energy. Furthermore, the higher the pre-charging pressure is, the smaller the pressure differential between the inlet of PRV and the hydraulic accumulator is. This reduces the pressure difference loss when recovering the overflowing energy and improves the energy regeneration efficiency. It's better to increase the pre-charging pressure to improve the energy regeneration efficiency. However, the higher the pre-charging pressure is, the greater the hydraulic accumulator volume needed. In fact, the real rated hydraulic accumulator volume is limited. Therefore, the pre-charging pressure must be chosen according to the actual working conditions. When efficiency is the first consideration, it is better to improve the pre-charging pressure, whereas to regenerate more overflowing energy, a lower pre-charging pressure is preferred.
VI. CONCLUSIONS
This paper proposed a new PRV with an ERU connected to its outlet, and a control strategy is presented based on the pressure state of the hydraulic accumulator. The following conclusions are made.
(1) The system of the proposed PRV with an ERU on its outlet is stable and the performance is comparable with the traditional PRV.
(2) The simulation results match the test results well. Inlet pressure of the proposed PRV decreases slightly when recovering the overflowing energy and charging the hydraulic accumulator.
(3) The output power of the motor is reduced whenever the overflowing energy is recovered or released, indicating the proposed PRV is more energy saving.
(4) The pre-charging pressure of the hydraulic accumulator has much influence on the energy that can be recovered and the energy regeneration efficiency. Proper pre-charging pressure should be chosen according to different considerations.
